We propose a model for gamma ray bursts in which a star subject to a high level of fermion degeneracy undergoes a phase transition to a supersymmetric state. The burst is initiated by the transition of fermion pairs to sfermion pairs which, uninhibited by the Pauli exclusion principle, can drop to the ground state of minimum momentum through photon emission. The jet structure is attributed to the Bose statistics of sfermions whereby subsequent sfermion pairs are preferentially emitted into the same state (sfermion amplification by stimulated emission). Bremsstrahlung gamma rays tend to preserve the directional information of the sfermion momenta and are themselves enhanced by stimulated emission. The short duration bursts are attributed to this type of decay of white dwarfs or neutron stars which, in standard astrophysical models, are considered to be stable. The long duration bursts are attributed to high mass supernova events which might also explode due to the supersymmetric phase transition.
Introduction
In spite of some thirty-five years of concerted theoretical effort, superstring theory has few phenomenological successes beyond the (already impressive) automatic incorporation of gravity and gauge forces. Nevertheless, it seems likely, after decades of study, that the ground state of the theory is a supersymmetric (SUSY) state with zero vacuum energy very unlike the world we are familiar with. According to this view, we live, therefore, in a false vacuum of broken supersymmetry and non-zero cosmological constant. It is widely believed that, once the transition to the SUSY ground state nucleates, it will rapidly take over the universe [1] with the immediate extermination of all life. However, it is possible that this false vacuum is meta-stable (see for example [2] )
More recently, string theory arguments have suggested that the universe might have a domain structure in which different regions in space-time might have different physical constants, different particle masses, and even different gauge groups.
One can therefore entertain the possibility, as we do here, that, in certain large regions of space, namely, we assume, in those with a high fermion degeneracy pressure, there will be some non-negligible probability of making the transition to the SUSY ground state without those domains spreading rapidly to other regions of space. Without being able to firmly justify this assumption we investigate its consequences in this paper. We do, however, present some arguments that this assumption could be valid.
While superstring theory is struggling to find some experimental confirmation beyond the general features alluded to above, the field of gamma ray bursts, on the other hand, is one in which rapidly expanding observational data is crying for a clear and compelling theoretical explanation. The sheer enormity of the energy release in these bursts together with their short lifetime and pronounced jet structure make it possible that a full explanation will not be found without some type of startling "new physics". One example of such speculative "new physics" proposals is the quark star model of Ouyed and Sannino [3] Although the long duration gamma ray bursts (lifetimes greater than about two seconds) have been observationally associated with supernovae, the existence of the required explosion has not as yet been successfully modeled in standard astrophysical monte carlos of supernova collapse [4] .
Similarly the fireball shock models of the highly collimated gamma ray jets have a difficult time in predicting the observed features and leave much ignorance quarantined in terms such as the "central engine". In fact, most of the published work deals mainly with the afterglow of the gamma ray bursts. [5] .
In this paper we concentrate our discussion on the short duration gamma ray bursts (lifetime less than two seconds) although the model is extendible to the longer bursts.
Our proposal is based on the following scenario.
1. In a region of space with a high level of fermion degeneracy there is a phase transition to a supersymmetric ground state. In the SUSY phase, electrons and their SUSY partners (selectrons) are degenerate in mass as are the nucleons and snucleons, photons and photinos etc. We assume that these masses are those of the standard model particles in our normal world of broken supersymmetry.
2. In the SUSY phase, electron pairs undergo quasi-elastic scattering to selectron pairs which, uninhibited by the Pauli principle, can fall into the lowest energy state via photon emission. These photons are radiated into the outside (non-SUSY) world. Other photons are emitted at the boundary to conserve momentum as the selectrons are reflected by the domain wall not having sufficient energy to cross into the non-SUSY domain.
The highly collimated jet structure is produced by the stimulated emission of sfermions and photons. Simultaneous with electron conversion into selectrons, nucleons within heavy nuclei convert into snucleons.
3. With no further support from the electron degeneracy, the star collapses to nuclear density under gravitational pressure.
4.
Remaining nucleon pairs then undergo the analogous conversion to snucleon pairs with the cross section mediated by the strong exchange of supersymmetric pions. This process can be temporarily interrupted by brief periods of fusion energy release but then continues until the star falls below the Schwarzschild radius and becomes a black hole, thus extinguishing the gamma ray burst.
In this model the short duration bursts are due to the decay of isolated white dwarfs or neutron stars which are absolutely stable in standard astrophysics. We therefore predict the existence of low mass black holes below the Chandrasekhar limit. Longer duration bursts come from the SUSY transition during a supernova collapse when a stage of fermion degeneracy is reached. In this paper we restrict our detailed considerations to those of a short duration burst. In the following sections we show, in outline form, that the mechanism produced here can roughly account for the observations of stellar explosion, total energy release, burst duration, average photon energy, and jet collimation. A more rigorous modeling of the burst is deferred to a later paper.
In section II, we discuss the transition to the SUSY phase and argue that there is a minimum bubble size which will not be immediately quenched but will lead to a gamma ray burst.
In section III, we discuss the energetics of the basic process
and of analogous nucleon conversion processes.
In section IV we present a simple monte carlo statistical model for the stimulated emission as a source of the highly collimated jets.
In section V we summarize results and discuss the prospects for further understanding of the gamma ray bursts along the lines of the present model.
The transition to supersymmetry in the presence of matter
It has long been known that according to field theory and string theory, it is perfectly possible that we are living in a false vacuum and that a transition to the true vacuum could take place in the future. Indeed, in generic effective field theories, this behavior does occur.
Several such scenarios have been considered by Coleman [1] and others. Most of this work has ignored the effects of the presence of matter. In this case it is concluded that, once nucleated, a bubble of true vacuum will spread at the speed of light to envelop the whole universe. However, the theory of transitions between vacua is still in its infancy, in the sense that, while instanton calculations have been made in simple models, many basic questions remain, to our knowledge, unanswered or only partially answered [6] . Among these are the questions raised by Coleman concerning the nature of the transition in the presence of matter. Recent attention has even been given to the question of whether the transition from stable spaces of differing cosmological constants can occur at all in a quantum gravity theory [7] . Given these differing points of view in the substantial literature on the subject, our arguments are not compelling and must be largely considered as assumptions. The proposal is that the nucleation of supersymmetric vacuum bubbles can lead to the emission of gamma rays from white dwarfs and similar systems, and that the ensuing supersymmetric processes will stabilize these bubbles. We also assume that the SUSY bubble does not expand beyond the volume of the star and is captured within the ultimately forming black hole.
The recently observed acceleration of the universë
implies that the vacuum energy plus three times the vacuum pressure is negative.
It is now widely believed that the acceleration is due to a cosmological constant [8] with positive vacuum energy and a dominant negative vacuum pressure, p vac = −ρ vac .
In this scenario our world (the broken SUSY phase) is unstable to decay to a lower energy exact SUSY phase. Since we are still here the probability for this phase transition to take place in vacuum or in the presence of dilute matter is small. However, several authors [9] have suggested that, at least in some models, the probability of a phase transition is greatly enhanced in the presence of dense matter. Our scenario would need to rely on such a mechanism to facilitate the transition to exact SUSY in dense stars. Of course, once the gamma ray burst, in the current model, has left behind a largely sparticle star the broken-SUSY phase can no longer quench the SUSY bubble since the sparticles are prohibitively massive in the normal world.
The cross section for 1.1 is, apart from logarithmic factors, [10] 
Thus, the half life of a sample of electrons undergoing this process followed by bremstrahung is
where we have borrowed parameter values from section 3.
For the bremstrahlung to occur before the bubble collapses thus trapping the selectrons, the minimum size of the bubble must be
If we consider the transition as beginning with the strong transition from nucleons to snucleons, this minimum bubble size might be somewhat smaller but still much greater than nuclear size. It is thus highly unlikely that the SUSY transition will take place in a terrestrial heavy nucleus but we postulate that the process occurs in fermi degenerate stars with a probability per unit time fixed by the rate of gamma ray bursts divided by the number of such stars. In the current state of the art with respect to vacuum decay we cannot calculate this probability nor do we need to know its value for our present considerations.
Alternatively, it is possible that the acceleration of the universe is not due to a cosmological constant but to a negative vacuum energy density with ρ + 3p also negative so that the broken-SUSY phase could be the true ground state of the theory. Nevertheless, a highly degenerate fermion system with a negative vacuum energy would be able to make a transition to a SUSY phase with zero vacuum energy and sfermions in the ground state with the release of jets of photons as described above. The current model for gamma ray jets could be consistent with either picture of the vacuum.
Energetics of the SUSY transition in a white dwarf
We consider the case of a typical white dwarf of solar mass (M = 1.2 · 10 60 Mev/c 2 ) and earth radius (R = 6.4 · 10 6 m) supported as in the standard astrophysical model by electron degeneracy. That is the number of electrons with momentum between p and p + dp is dN = 8πp 2 dpV (2πh) 3 (3.1) with p max = 3N 8πV
Here, N is the total number of electrons in the white dwarf
where we have assumed equal numbers of electrons, protons and neutrons. The average squared three-momentum of the electrons is
and the average electron energy is
g is a small correction term given by
When the final state selectron comes to rest after bremstrahlung or reflection at the boundary the energy release per electron is
This energy is far below the average photon energy of ≈ 1 MeV seen in the gamma ray bursts so that the energetic part of the burst must be due to the SUSY conversion of nucleons as discussed below. The total energy release from all electrons is
The half life of a sample of electrons undergoing process 1.1 is
Since this is essentially instantaneous, the time scale of the selectron burst is fixed by the time it takes for the SUSY phase to spread across the star and for the photons from the far side of the star to traverse the star. Thus the expected time scale of the burst from electron conversion is
In the current model observations of millisecond bursts are attributed to jets aimed slightly away from the direction of earth so that only a fraction of the burst is observed or to the decay of smaller objects such as neutron stars discussed below. Long duration bursts of up to 300 s would require in this model the SUSY conversion of 10 5 M ⊙ supernova remnants or to temporary interruptions of the burst due to periods of fusion reignition. Of course, burst times as measured on earth are time dilated by the boost factor γ of the decaying star.
During the conversion of electrons, the lifting of electron degeneracy causes the star to collapse rapidly under the gravitational forces until nuclear density is reached. Until then, however, separated nuclei are outside the range of strong interactions so nucleon conversion proceeds only within individual nuclei.
Initially SUSY conversion within nuclei occurs via the strong reactions p + p →p +p (3.11) n + n →ñ +ñ (3.12) p + n →p +ñ (3.13)
These processes are mediated by pioninos (the SUSY partners of the pions). The dominant nuclei are those of Fe 56 which, having 26 protons and 30 neutrons confined in a radius of about 5.7 · 10 −15 m, have a mean momentum squared of about 4031 (MeV/c) 2 (We assume a square well potential in three dimensions). The average energy release per nucleon is therefore
This is close to the average gamma ray energy of about 1 MeV. If all 12 · 10 56 nucleons convert, the total burst energy is
This number is not far from the typical burst energy of 10 52 ergs. Larger burst energies than given in 3.15 could be due to larger mass stars undergoing SUSY conversion or from SUSY conversion of free nucleons in a degenerate nucleon sea. Superheavy supernova remnants could have their bursts extinguished by black hole formation so that one might not expect bursts many orders of magnitude greater than 3.15. If there are appreciable amounts of light elements such as Hydrogen and Helium, or appreciable amounts of odd isotopes, the SUSY transition will not go completely within separated nuclei and, relieved of the electron degeneracy, the star will collapse under gravitational pressure until the remaining protons and neutrons achieve fermion degeneracy at, we assume, nuclear densities ((
. Classically, if a piece of a star of mass ∆m implodes from a radius r 0 to a radius r, its final kinetic energy will be
An imploding star of initial radius r 0 at time t = 0 will have at time t a radius r given by
where
The time required for a solar mass star with earth radius to collapse down to nuclear densities is 1.53 s. If we could ignore SUSY conversion within heavy nuclei as treated above, we would then have a Fermi momentum of 283 MeV/c corresponding to an average kinetic energy
The total jet energy might then be
Whether the star becomes a black hole before this final burst can occur depends on the specific chemical composition of the white dwarf which must await further study. A similar SUSY conversion in a neutron star would also lead to energy releases of about 25.3MeV per snucleon created. Again, this energy could be distributed over some as yet uncalculated average number of bremstrahlung photons. The typical neutron star has a mass of about 2M ⊙ and a radius of 6.6 · 10 3 m. This would therefore lead to a total jet energy of 3 · 10 52 erg and a minimum burst duration of
This time would be dilated by the Lorentz boost factor γ of the neutron star or by short intermittent periods of nuclear fusion. On the other hand, it is not clear whether current experimental resolution is good enough to resolve such ultra short bursts if they, in fact, exist.
Jet Formation in a Gamma Ray Burst
The production of a narrow energetic jet in gamma ray bursts has been a challenge to astrophysical models. Here we explore the suggestion that the jet structure is due to a bose enhancement of the emitted selectrons, sprotons, and bremstrahlung photons, i.e. a stimulated emission. The matrix element for the emission of a selectron pair with momenta p 3 and p 4 in process 1.1 in the presence of a bath of previously emitted pairs is proportional to
The cross section is, therefore, proportional to (n( p 3 ) + 1)(n( p 4 ) + 1)
The full modeling of this enhancement requires an eight dimensional monte carlo (three integrations for each initial state electron plus two angular integrals for one of the final state selectrons). We would also need the cross section for process 1.1 without neglecting the electron mass which has not as yet been published. We leave this complete calculation to a later more detailed paper and content ourselves here with the following simplified statistical model which has no dynamical input but serves as a demonstration in principle of the stimulated emission. We generate events in the three dimensional space of one of the selectrons momentum magnitude, p 3 , polar angle cosine, cos(θ 3 ), and azimuthal angle, φ 3 , assuming that each event takes place in the CM system. Then p 4 = − p 3 and n( p 4 ) = n( p 3 ). Initially all the n ′ s are zero but once the first transition has been made populating a chosen p 3 , the next transition is four times as likely to be into the same state as into any other state. Because of the huge number of available states, the second transition is still not likely to be into the same p 3 state, but as soon as some moderate number of selectrons have been created with a common p 3 , the number in that state escalates rapidly, producing a narrow jet of selectrons. These selectrons decay down to the ground state via bremstrahlung photons which are also Bose enhanced leading to a narrow jet of photons which can penetrate the transparent domain wall and proceed into the non-SUSY phase.
We model this simplified process by standard monte carlo techniques. To deal with the three dimensional space we define a composite integer variable, k, defined as
where n bin is the number of bins in each of the three variables, p 3 , cos(θ 3 ), and φ 3 . The n i are integers running from 0 to n bin − 1 and are related to the three variables by
k runs from 0 to n k = n 3 bin − 1 and each value of k corresponds to a unique value of the three variables, p 3 , cos(θ 3 ), and φ.
At each stage in which there are some occupation numbers n(k) we calculate the normalized sum
is a monotonically increasing function of bin number k, varying between 0 and 1.
Then choosing a random number r between 0 and 1, if r < R(0) we add an event to the first bin and repeat the process. If r > R(k) and r ≤ R(k + 1) we add an event to bin k + 1 and repeat the process. After 10 5 events (still a tiny fraction of the available 10 56 ) we arrive at the distribution shown in table 1 with n bin = 10 and p max = 0.498 MeV/c as in 3.2.
This toy model gives, of course, no insight into the actual width of the jets since no dynamics is incorporated. In addition, the photon energy is here taken to be the full kinetic energy of the produced sparticle neglecting multiple bremstrahlung effects etc. A more physical picture of the jet distributions should come out of the more complete dynamical monte carlo to be treated in the near future.
We have presented a physical picture that, accepting its assumptions, does lead to an explosion into a burst of gamma rays of MeV scale energies, with a pulse duration ranging down to a small fraction of a second, highly collimated in angle, and containing a total burst energy of about 10 52 ergs. These features have eluded successful modeling in terms of standard astrophysical processes. Although many details of the burst remain to be explored in terms of a more detailed monte carlo, the gross features of the observed bursts are relatively easily understood in the current picture with one radical assumption but no free parameters.
The model leaves open the question whether evidence for similar SUSY phase transitions can be observed elsewhere in astrophysics or in terrestrial experiments such as in heavy ion collisions. Table 1 : Development of jet structure in a simplified statistical model. The first column gives the photon energy, the third gives the polar angle cosine, and the fifth gives the azimuthal angle. The second, fourth, and sixth columns give the number of photons in the first 100,000 with those values of p, cos(θ), and φ.
